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ABSTRACT 


This  report  is  written  on  the  design,  analysis,  simulation  and 
final  testing  of  the  phaselocked  servo  system  for  the  back-up  optical  film 
recorder.  The  design  procedure  used  is  the  Bode  method  and  a  position 
resolution  equivalent  to  2tt/(5000  x  16)  radians  is  desired.  The  analysis  is 
carried  out  by  both  analog  computer  simulation  and  digital  computer  calculations. 
Separate  control  circuits  are  used  for  the  reel  servos  and  the  tension  motors 
are  supplied  with  constant  current  sources.  Finally  the  complete  system  was 
built  and  tested,  giving  a  performance  which  met  specification. 


RESUME 


Ce  rapport  comprend  la  conception,  l'analyse,  la  simulation  ainsi 
que  les  tests  finaux  sur  un  systeme  asservi  par  accrochage  de  phase  utilise 
comme  systeme  secondaire  d 'enregistrement  optique.  La  procedure  utilisee 
est  la  methode  de  Bode  et  une  resolution  de  position  equivalente  a  2tt/(5000 
x  16)  radians  etait  desiree.  L'analyse  a  ete  executee  de  deux  faqons,  une 
simulation  sur  une  calculatrice  analogique  ainsi  qu'une  solution  d 'equations 
sur  calculatrice  numerique.  Des  circuits  de  controle  separes  sont  utilises 
pour  les  servo  moteurs  d ' enroulement ,  et  les  servo  moteurs  de  tension  sont 
alimentes  par  des  sources  de  courant  constant.  Finalement  le  systeme 
complet  fut  assemble  et  verifie,  donnant  une  performance  en-deca  des  normes. 


v 


TABLE  OF  CONTENTS 


Page 


ACKNOWLEDGMENT  .  iii 

ABSTRACT  .  v 

TABLE  OF  CONTENTS . vii 

I.  INTRODUCTION  .  1 

II.  CAPSTAN  SERVO  CONTROL  SYSTEM  .  1 

A.  GENERAL  DESCRIPTION  .  3 

(1)  CAPSTAN  MOTOR  .  3 

(2)  PHASE  DETECTOR  .  4 

(3)  LAG-LEAD  NETWORK  AND  INTEGRATOR  .  4 

B.  SYSTEM  PERFORMANCE  ANALYSIS  .  .  4 

(1)  ANALOG  COMPUTER  SIMULATION  .  7 

(a)  Start-Up  Transients  .  7 

(b)  External  Step  Disturbances  .  7 

(c)  System  Response  To  A  Step  Input . 15 

(2)  DIGITAL  COMPUTER  CALCULATIONS  .  15 

(3)  COMPARISON  BETWEEN  ANALOG  COMPUTER  SIMULATION  AND 

DIGITAL  COMPUTER  CALCULATIONS  .  15 

III.  THE  EFFECT  OF  OTHER  COMPONENTS  IN  THE  COMPLETE 

SERVO  SYSTEM  ON  THE  CAPSTAN  SERVO  PERFORMANCE  .  19 

IV.  TENSION  AND  REEL  SERVOS . 19 

V.  TESTING  AND  EVALUATION  OF  COMPLETE  SERVO  SYSTEM  .  21 

VI.  CONCLUSIONS . 21 

VII.  REFERENCES . 25 

APPENDIX  A  :  SYSTEM  DESIGN  USING  THE  BODE  METHOD  .  27 

APPENDIX  B  :  THE  MAGNITUDE  AND  PHASE  PLOTS  OF  THE  OPEN  LOOP 

TRANSFER  FUNCTION  .  33 


vii 


TABLE  OF  CONTENTS  (Continued) 

Page 

APPENDIX  C  :  ANALOG  COMPUTER  MODELLING  .  43 

APPENDIX  D  :  DIGITAL  COMPUTER  CALCULATIONS  .  49 

APPENDIX  E  :  THE  EFFECT  OF  OTHER  MOTORS  ON  THE  CAPSTAN  MOTOR 

SERVO  SYSTEM .  71 


1 


I .  INTRODUCTION 


The  purpose  of  this  report  is  to  present  the  design,  analysis, 
simulation  and  final  testing  of  the  servo  system  for  the  back-up  optical 
recorder.  The  main  emphasis  is  on  the  design  of  a  precision,  phaselocked 
capstan  servo  system  which  can  tolerate  high  external  torque  and  electrical 
disturbances.  Once  the  capstan  servo  system  is  well  designed,  the  requirement 
on  the  rest  of  the  servo  system  becomes  much  less  stringent. 

The  framework  of  the  design  was  originally  set  by  W.G.  Thistle  of 
DREO.  It  is  a  proportional  plus  integral  control,  phaselocked  positional 
servo  system.  The  capstan  motor  used  is  the  modified  PMI  type  U12M4  with  an 
internal  flywheel  and  an  optical  tachometer  mounted  on  the  front  face.  The 
added  flywheel  is  used  to  damp  out  any  high  frequency  torque  disturbances 
applied  to  the  capstan  motor.  The  capstan  motor  shaft  is  one  inch  in  diameter 
and  runs  at  an  angular  velocity  of  half  a  revolution  per  second.  There  are 
5000  lines  on  the  axially  mounted  optical  encoder  disc  and  a  position  resolution 
equivalent  to  one-sixteenth  of  a  slot  is  desired. 

The  design  procedure  used  is  the  Bode  method.  The  analysis  is 
carried  out  by  two  approaches;  one  is  by  analog  computer  simulation  using  the 
breadboarded  digital  phase  detector,  and  the  other  one  is  to  solve  the 
appropriate  transfer  function  directly  on  a  digital  computer.  The  latter 
approach  is  used  mainly  to  provide  a  check  on  the  analog  computer  simulation. 

The  system  performance  is  evaluated  for  a  step  torque  disturbance  on  the 
capstan  motor  with  different  integrator  gains,  motor  mechanical  time  constants, 
gain  and  phase  margins.  The  step-input  response  and  the  start-up  transients 
are  also  given.  A  theoretical  analysis  on  how  other  motors  affect  the 
performance  of  the  capstan  motor  in  a  symmetrical  arrangement  is  also  presented. 
Finally  the  complete  servo  system  was  assembled  and  tested  using  four 
additional  PMI  type  U12M4  motors  for  the  tension  and  reel  servos. 


II.  CAPSTAN  SERVO  CONTROL  SYSTEM 


The  general  block  diagram  of  the  servo  system  is  shown  in  Figure  1. 

It  is  a  'proportional  plus  integral  control  phaselock  positional  servo  system'. 
The  maximum  phase  error  signal  from  the  phase  detector  can  not  exceed  ±  2.5 
volts.  This  corresponds  to  ±  8  slots  on  the  optical  tachometer  of  the  capstan 
motor.  The  phase  error  signal  is  used  to  control  both  the  position  of  the 


CRT 

POSITION 


FIGURE  I.  CAPSTAN  SERVO  SYSTEM  BLOCK  DIAGRAM 


motor  and  the  vertical  deflection  position  of  the  CRT;  the  latter  provides 
almost  instantaneous  correction. 


Phaselock  motor  systems,  like  all  other  positional  servos,  are 
inherently  unstable  and  must  be  compensated  to  operate  in  a  stable  mode.  The 
velocity  control  of  DC  motors  by  use  of  phaselock  servo  techniques  is  well 
documented  (GEIGER,  1973).  This  system  is  designed  to  give  zero  steady  state 
velocity  error,  very  little  'sampled  data  lag'  introduced,  and  a  good  noise 
rejection  capacity.  It  can  handle  an  external  step  torque  disturbance 
equivalent  to  at  least  4  Oz-In.  The  details  of  the  design  procedure  and 
criteria  for  the  'proportional  plus  integral  control  system'  using  the  Bode 
method  are  given  in  Appendix  A  and  an  excellent  text  on  this  method  is  given 
as  Reference  2. 


A.  GENERAL  DESCRIPTION 


The  reference  oscillator  is  a  precision,  stable  VCO  with  an  output 
rectangular  pulse  frequency  of  80  KHz  and  an  accuracy  of  ±  0.005%  over  a 
temperature  range  of  10°-30°C.  It  is  divided  down  by  32  and  phase  compared 
with  the  feedback  pulse  train  generated  by  the  optical  tachometer.  The 
tachometer  generates  2500  pulses  per  second  with  the  capstan  motor  running  at 
steady  state  of  half  a  revolution  p  r  second.  The  phase  detector  is  essentially 
an  up-down  counter  and  the  diffi ren< e  accumulated  is  the  phase  error.  The 
digital  error  is  then  converted  into  analog  voltage  and  used  to  control  both 
the  vertical  position  of  the  >  R'l  and  the  position  of  the  motor.  The  carrier 
filter  attenuates  the  high  frequency  components  of  the  error  signal  and 
prevents  them  from  reaching  the  motor.  The  error  signal  is  then  passed 
through  the  lag-lead  compensation  and  integrator  network  for  stability  purposes. 
The  integrator  responds  to  the  low  frequency  components  of  the  error  signal 
and  supplies  the  necessary  power  to  drive  the  capstan  motor  at  the  desired 
speed  and  thus  eliminating  the  need  for  another  power  source.  The 
outputs  from  the  lag-lead  network  and  the  integrator  are  summed  and  applied  to 
the  capstan  motor  through  the  power  amplifier. 

(1)  CAPSTAN  MOTOR 

The  motor  used  is  the  modified  PMI  type  U12M4  with  an 
optical  tachometer  attached  to  it.  An  internal  flywheel  is 
added  and  the  motor  shaft  is  extended  to  a  length  of  6  inches 
with  a  combined  additional  inertia  of  0.807  Oz-In  sec2.  Some 
of  the  motor  constants  are  given  below. 


Total  inertia 
Torque  constant  (Kj) 

EME  constant  (Kp) 

Damping  constant  (Kp) 
Mechanical  time  constant  (xm) 
Number  of  slots  on  the  optical 
tachometer 

Regulation  @  Constant  Voltage  (R,^ ) 


0.831  Oz-In  sec2. 
15.6  Oz-In/A. 

11.5  volts/1000  RPM 
3.1  0z-ln/1000  RPM 
0.509  sec. 

5000. 

5.85  RPM/Oz-In 
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(2)  PHASE  DETECTOR 


The  phase  detector  perforins  essentially  three  functions 
as  follows: 

(i)  It  ensures  that  the  up-count  signal  from  the  reference 
oscillator  and  the  down-count  signal  from  the  optical 
tachometer  do  not  occur  at  the  same  time. 

(ii)  It  performs  the  phase  comparison  using  an  up-down  counter. 

(iii)  It  converts  the  digital  phase  error  into  analog  signal 
by  a  D/A  converter. 

1000  0000  corresponds  to  zero  volt 
1111  1111  corresponds  to  -2.48  volts  and 
0000  0000  corresponds  to  +2.5  volts 

The  circuit  diagram  of  the  phase  detector  is  given  in 
Fig.  2. 

(3)  LAG-LEAD  NETWORK  AND  INTEGRATOR 

The  circuit  diagram  is  shown  in  Fig.  3.  The  purpose  of 
the  lag-lead  network  is  to  improve  the  phase  margin  of  the 
system  to  assure  stability,  thus  permitting  the  use  of  high 
gain,  which  is  essential  to  minimize  the  effect  of  torque  and 
electrical  disturbances  on  speed.  The  proportional  component 
provides  direction  and  stability.  The  offset  due  to  the 
variations  in  the  system  parameters,  such  as  the  average 
friction  torque,  is  eliminated  by  the  integrating  action  of 
the  integrator. 


B.  SYSTEM  PERFORMANCE  ANALYSIS 

Once  the  design  is  completed  in  the  frequency  domain,  the  time 
domain  response  can  be  evaluated  by  either  solving  directly  the  appropriate 
inverse  Laplace  transform  or  by  analog  computer  simulation.  The  latter 
method  was  employed  extensively  using  the  actual  breadboarded  digital  phase 
detector  in  the  study  while  the  former  was  used  merely  as  a  check. 

Two  slightly  different  lag-lead  compensation  networks  were  chosen 
and,  for  each  design,  the  capstan  servo  system  was  evaluated  for  the  following 
criteria: 

(i)  The  stability  of  the  system. 

(ii)  The  phase  error  introduced  as  different  step-disturbance 
torques  are  applied. 

(iii)  The  start-up  performance. 

(iv)  The  system  response  when  subjected  to  a  step  input. 


The  following  parameters  wore  varied: 
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(i)  Overall  open-loop  gain. 

(ii)  The  gain  of  the  integrator. 

(iil)  Motor  mechanical  time  constant. 

The  magnitude  and  phase  plots  of  the  open  loop  transfer  function  for 
each  design  with  different  integrator  gains  are  shown  in  Appendix  B.  From  the 
plots,  the  phase  and  gain  margins  are  illustrated  clearly  as  the  overall  open- 
loop  gain  is  varied  and  thus  give  a  general  picture  of  the  relative  stability 
of  the  system. 

(1)  ANALOG  COMPUTER  SIMULATION 

The  simulation  of  the  capstan  servo  system  was  carried 
out  on  the  AD  Five  hybrid  computer  at  the  Communications 
Research  Centre.  The  actual  breadboarded  phase  detector  was 
incorporated  with  the  analog  computer.  The  details  of  the 
modelling  of  the  servo  system  and  the  simulation  of  external 
torque  disturbances  on  the  capstan  motor  are  given  in  Appendix 
C.  The  analog  computer  diagram  for  the  complete  capstan  servo 
system  is  shown  in  Figure  4.  The  two  designs  are  quite  similar 
in  system  performance  and  thus  only  the  results  of  design  #1 
will  be  presented  in  detail  here.  Some  of  the  important  para¬ 
meters  of  interest  given  below  were  measured  and  plotted. 

(i)  The  phase  detector  error  signal  (V. /V^  ) . 

(ii)  The  output  signal  from  the  integrator  (-F/F  ) . 

(iii)  The  combined  signal  (V  /V  )  applied  to  the  motor. 

(iv)  The  output  angular  velocity  (— ) . 

(a)  Start-Up  Transients 

Shown  in  Figures  5  and  6  are  the  start-up  transients  for 

design  #1  with  two  different  integrator  gains.  Using  a  lower 

integrator  gain,  the  system  takes  longer  to  reach  the  steady- 

state  angular  velocity  and  the  phase  error  decays  more  slowly. 

In  this  simulation,  the  average  frictional  torque  is  taken  to 

be  zero.  If  it  is  taken  Lnto  account,  the  time  to  reach  the 

steady-state  velocity  will  be  increased  further.  Two  different 

mechanical  time  constants  were  also  simulated  and  shown  in 

Figs.  7  and  8  with  T„  equals  1/3  x  „  and  3  T  respectively. 
a  m  1  mo  mo  v  j 

(b)  External  Step  Disturbances 

The  transient  responses  of  the  capstan  servo  system  when 
the  motor  is  subjected  to  an  external  step  disturbance  for  two 
different  integrator  gains  are  shown  in  Figs.  9  and  10.  As 
expected,  it  takes  longer  for  the  system  to  return  to  its 
original  steadv-state  position  with  the  smaller  integrator 


FIG. 5  START-UP  TRANSIENTS  OF  THE  CAPSTAN  SERVO  SYSTEM  (T5  =  I) 


FIG. 7  START-UP  TRANSIENTS  OF  THE  CAPSTAN  SERVO  SYSTEM  (T5 
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FIG. II  SYSTEM  RESPONSE  OF  A  STEP  DISTURBANCE 


SYSTEM  RESPONSE  OF  A  STEP  DISTURBANCE 
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TABLE  II 


External  Step  Disturbance  Response 


ANALOG 

COMPUTER  SIMULATION 

DIGITAL 

COMPUTER  CALCULATION 

T  5 

AT/A  SLOT 
(Oz  In/SLOT) 

TIME  (SEC) 

PEAK 

AT/A  SLOT 
(Oz  In/SLOT) 

TIME  (SEC) 
PEAK 

1 

1.08 

0.145 

0.82 

0.15 

10 

1.06 

0.168 

0.76 

0.17 

III.  THE  EFFECT  OF  OTHER  COMPONENTS  IN  THE  COMPLETE 
SERVO  SYSTEM  ON  THE  CAPSTAN  SERVO  PERFORMANCE 


With  the  capstan  servo  system  analysis  completed,  the  next  step  was 
to  analyse  how  other  components  affect  its  performance.  To  get  an  insight 
into  the  problem,  a  simplified  symmetrical  servo  system  was  analysed  and  given 
in  Appendix  E.  The  net  effect  is  taken  care  of  through  the  modification  of 
the  capstan  motor  constants.  The  capstan  motor  thus  experiences  a  bigger  load 
with  a  different  mechanical  time  constant  given  by  the  equations  in  the 
appendix. 


The  other  variations  in  the  system  parameters  such  as  average 
friction  torque,  film  sticking  and  slippage  etc.  can  be  treated  as  external 
torque  disturbances  on  the  capstan  motor. 


IV.  TENSION  AND  REEL  SERVOS 


Four  similar  PMI  type  U12M4  motors  were  used  for  the  reel  and 
tension  motors.  The  arrangement  of  the  servo  system  is  shown  in  Fig.  14  with 
the  appropriate  tensions  on  the  film  shown.  Tension  motors  (2)  and  (4)  were 
fed  with  constant  current  sources  and  are  used  to  maintain  the  required 
tensions  on  the  film.  Tension  motor  (4)  was  also  used  to  drive  the  servo 
system  and  to  keep  the  difference  in  tension  across  the  capstan  small.  The 
variations  in  film  tension  due  to  the  change  in  film  radii  as  it  moved  from 


FIG. 14  POSITIONAL  ARRANGEMENT  OF  SERVO  SYSTEM 
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one  reel  to  another  were  compensated  by  controlling  the  currents  to  the  reel 
motors  accordingly.  This  was  done  by  measuring  indirectly  the  film  radius 
(directly  by  measuring  the  angular  velocity  (' ')  »  r  «  ~)  and  supplying  drive 
current  proportional  to  the  film  radius  to  each  motor.  The  circuit 
implementation  of  this  function  was  designed  by  M.  McMillan  of  DREO  and  the 
circuitry  diagram  is  shown  in  Fig.  15  .  An  optical  encoder  was  employed 
and  the  number  of  pulses  generated  is  proportional  to  the  angular  velocity 
of  the  reel  servo.  The  fifty  percent  duty  cycle  pulse  train  is  then  converted 
to  a  pulse  train  of  short  fixed  width  pulses  by  the  monostable  multivibrator. 
It  is  then  applied  to  the  RC  integrating  network  and  the  output  voltage  is 
proportional  to  the  angular  velocity  (w) .  Finally,  it  is  inverted  by  the 
divider  and  used  to  control  the  output  current  of  the  power  amplifier 
supplying  the  reel  motor. 


V.  TESTING  AND  EVALUATION  OF  COMPLETE  SERVO  SYSTEM 


The  complete  servo  system  of  design  #1  was  assembled  and  tested  with 
the  5  inch  wide,  150  ft.  long  roll  of  photographic  film.  The  output  from 
the  bipolar  power  amplifier  of  the  capstan  control  system  was  measured  and 
plotted  in  Fig.  16.  The  turn-on  sequence  was  to  have  the  capstan  system 
running  before  turning  on  the  rest  of  the  servo  system.  The  steady-state 
phase  error  was  measured  to  have  a  peak  value  equivalent  to  ±  0.3  of  a  slot 
with  the  capstan  servo  running  alone.  The  main  source  of  disturbance  was 
found  to  originate  from  the  low-frequency  variation  in  friction  as  the 
capstan  motor  shaft  rotated  around  its  bearings.  The  small  high  frequency 
errors  due  to  the  nonuniformities  in  the  disc  pattern  were  attenuated  by  the 
loop  filter  and  thus  prevented  from  reaching  the  motor.  When  the  complete 
servo  system  was  turned  on,  the  steady-state  peak  phase  error  was  increased 
to  ±  1.2  slots  which  was  well  below  the  allowable  maximum  phase  error  of 
±  8  slots.  The  anticipated  increase  in  the  phase  error  was  mainly  due  to  the 
increase  in  disturbances  coming  from  other  parts  of  the  system  such  as 
friction  torque,  film  stickage,  and  disturbance  coming  from  the  reel  control 
circuits.  The  friction  between  the  steel  shaft  of  the  capstan  motor  and  the 
film  was  so  great  that  even  with  constant  currents  supplied  to  the  reel 
servos,  no  film  slippage  occurred. 


VI.  CONCLUSIONS 


The  design  of  the  servo  system  and  the  analysis  of  the  capstan  servo 
system  using  both  the  analog  computer  simulation  combined  with  the  breadboarded 
digital  phase  detector  as  well  as  digital  computer  calculations  have  been 
presented.  A  general  theoretical  analysis  on  how  other  parts  in  the  servo 


FIG. 16  SERVO  SYSTEM  PERFORMANCE  CHARACTERISTICS 
(MEASUREMENT  TAKEN  FROM  THE  OUTPUT  OF  THE  BIPOLAR  POWER  AMPLIFIER) 


system  affect  the  capstan  servo  response  is  also  given.  Using  the  capstan 
servo  design  #1  in  the  analog  computer  simulation,  it  was  found  that  the 
capstan  servo  motor  could  tolerate  a  step  torque  disturbance  up  to  8  Oz-In 
and  the  system  would  still  remain  in  lock.  It  was  also  found  to  be  stable 
with  at  least  ±  27  dB  variation  in  the  open-loop  gain.  It  operated  in  a 
reasonably  stable  condition  with  the  mechanical  time  constant  varying  from 
1/3  Tmo  to  3  1 m0 .  Both  methods  of  analysis  agree  well  with  each  other  and 
thus  provide  a  check  on  each  other. 

The  complete  servo  system  was  built  and  integrated  with  other  systems 
to  form  the  optical  recorder.  The  ultimate  accuracy  of  the  controlled  output 
(the  position  on  the  film  where  the  information  is  stored)  in  this  servo 
system  is  limited  only  by  the  stability  of  the  reference  VCO,  the  precision 
of  the  slots  on  the  encoder  disc  and  the  eccentricity  of  the  capstan  motor 
shaft.  The  capstan  optical  encoder  disc,  has  5000  slots  on  it  and  a  position 
resolution  equaling  one-sixteenth  of  a  slot  was  obtained.  Both  tension  motors 
were  supplied  with  constant  currents  and  the  change  in  tension  on  the  film 
due  to  the  change  in  film  radius  was  corrected  by  the  reel  control  circuitry. 

The  maximum  steady-state  phase  error  was  found  to  be  equivalent  to  about 
±  0.3  of  a  slot  with  no  load  acting  on  the  capstan  motor.  It  increased  to  ±  1.2 
slots  with  the  complete  servo  system  running  and  it  was  well  below  the  designed 
maximum  allowable  error  of  ±  8  slots. 
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SYSTEM  DESIGN  USING  THE  BODE  METHOD 


The  servo  system  to  be  designed  is  a  type  2,  proportional  plus 
integral  control,  phase  lock  system.  A  block  diagram  representation  is  given 
below: 


FIGURE  A-l.  SERVO  SYSTEM  BLOCK  DIAGRAM 


where 


Cp(s) 


1  r  (1  +  T  2  s)2 _  1  I 

1  +  T  j  S  L(1  +  I,  s)  (1  +  T4  S)  X5SJ 


1 


(1  +  t2s)2 
(1  +  T3s)(l  +  T4s) 

1 

t5s 
H  =  1 


(p  (s) 


0  (s) 


carrier  filter  transfer  function 

lag-lead  compensation  transfer  function 
integrator  transfer  function 

Reference  phase  input  in  motor  shaft 
radians 

Motor  shaft  angle 
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CM 


s  (1  + 


ST  ) 
nr 


Motor  transfer  function 


The  open-loop  transfer  function 


G  =  K  Cp  GM  H 

With  the  number  of  slots  on  the  optical  tachometer  equal  to  5000,  the  frequency 
output  with  the  system  running  at  steady-state  is  equal  to  2500  Hz  or  15.71 
K  rad/sec.  To  avoid  'sampled  data  lag',  the  bandwidth  of  the  system  must  be 
at  least  five  times  less  than  the  tachometer  frequency.  In  other  words,  the 
optical  tachometer  has  to  sample  at  least  five  times  faster  than  the  system 
response  time  so  that  the  phase  lag  introduced  is  negligible.  If  the  phase 
lag  introduced  is  small,  the  sampled-data  system  can  be  approximated 
accurately  by  a  continuous-time  solution. 


Putting  all  the  specifications  in  terms  of  the  open-loop  transfer 
function,  we  have 

(1)  Low-frequency  asymptote: 


The  input  reference  phase  is  a  ramp  function  and  to  have  zero 
steady-state  velocity  error,  it  must  be  a  type  two  system; 
with  two  poles  at  the  origin. 

(2)  Middle-frequency  specifications: 


(a)  Any  external  disturbance  on  the  system  is  expected  to  be 
of  low-frequency  nature.  For  a  disturbing  torque  AT, 
the  motor  voltage  required  to  counteract  it  is 


AV 


o 


^Tra 

Kt 


and  for  a  maximum  phase  error  equivalent  to  four  slots, 
A9  =  4  x  radians. 

The  minimum  gain  of  the  open-loop  (excluding  the  motor) 
required 


K 


5000 


ATr 

a 


8  it  Kt 


at  0)  =  1  rad/sec 


For  this  particular  motor  design  (The  modified  PMI  TYPE 
U12  M4) ,  choosing 


AT  =  2  Oz.-In. 

ra  =  !  a 


0.11016  N.m/a 
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the  gain  required 

K  =  25.3  =  28  db  at  (J  =  1  rad /sec. 

The  maximum  phase  error  introduced  hy  the  disturbance  is 
expected  to  be  much  higher  because  the  speed  of  response 
of  the  system  is  not  instantaneous.  K  is  chosen  to  be 
37  db  and  the  overall  open-loop  gain  must  be  greater  than 
37  db  +  19.2  db  =  56.2  db . 


(b)  To  avoid  'sampled  data  jag',  the  bandwidth  of  the 
closed-loop  system  must  be  much  smaller  than  the  frequency 
generated  from  the  optical  tachometer.  The  cross-over 
frequency  gives  a  very  good  approximation  to  the  closed- 
loop  system  bandwidth. 

(c)  The  main  purpose  of  the  lag-lead  network  is  to  compensate 
for  the  phase  of  the  system  for  stability.  To  ensure 

a  favorable  phase  margin,  the  slope  should  be  -20  db/decade 
at  the  cross-over  frequency. 

(3)  High-frequency  asymptote: 


It  is  desirable  to  design  a  system  which 
frequency  noise  generated  in  the  system, 
noise  is  caused  by  the  non-uniformity  of 
optical  encoder  and  the  block  diagram  is 


can  reject  the  high- 
One  main  source  of 
the  slots  on  the 
given  below: 


0(s) 


FIGURE  A-2. 


BLOCK  DIAGRAM  WITH  NOISE  .-15  TNPiJT 


31 


By  choosing  the  high-frequency  noise  rejection  requirement 
that  the  noise  at  the  output  is  reduced  to  1%  at  w  =  1000 


rad /sec,  we  have 

0.01 


or  |G(jw)  |  £  0.01  <  40db  at  id  =  1000  rad/sec. 

If  the  low-frequency-asymptote,  middle-frequency  gain  and  the 
high-frequency  attenuation  specifications  are  placed  on  the  Bode  plot  as  shown 
in  Figure  A-3,  the  general  shape  of  the  compensated  transfer  function  becomes 
fairly  well  established.  Two  slightly  different  lag-lead  networks  are 
synthesized  and  they  are  designated  as  #1  and  #2  respectively. 


I G  ( j(p)  1 

1  +  G(jw)  |  to  =  1000 


A-  ■  A  £ 


j  ...  .  i 


rsuH 


MAGNITUDE  IN  da 
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APPENDIX  B 

THE  MAGNITUDE  AND  PHASE  PLOTS  OF  THE  OPEN  LOOP  TRANSFER  FUNCTION 


1 
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THE  MAGNITUDE  AND  PHASE  PLOTS  OF  THE  OPEN  LOOP  TRANSFER  FUNCTION 


Two  sets  of  magnitude  and  phase  plots  are  given  in  this  appendix 
for  the  two  designs.  For  each  set,  two  different  plots  are  drawn  with  the 
integrator  gains  equal  to  1  and  0.1.  The  program  was  written  by  W.G.  Thistle 
in  the  APL  language.  There  are  basically  five  subroutines  as  follows: 


MOTOR 

G 

m 

j  0)  (1  +  j0)T  ) 

DET 

=  K  =  A  'detector  gain) 

SAMPLE 

=  Phase-lag  introduced  by 

the  phase  detector 

$ 

U) 

"  -x - per2-  FC  =  number 

i  x  FC 

of  slots  on  encoder 

LLI 

=  lag-lead  -  integrator  = 

F  (x2,  T3,  T2,  X4,  x5) 

-FILT 

=  Carrier  filter  =  F  (ti 

). 

A  set  of  motor  constants  and  system  parameters  used  in  the  program 
are  tabulated  in  Table  B-l.  The  magnitude  and  phase  plots  of  the  uncompens¬ 
ated  open-loop  transfer  function  with  and  without  carrier  filter  are  given 
in  Fig.  B-2  and  B-l  respectively.  Figs.  B-3  through  B-6  show  how  the  gain 
and  phase  margins  are  improved  and  modified  with  the  addition  of  a  compensat¬ 
ion  and  integrator  network  for  the  two  different  designs. 


Frequency  in  rad/sec. 


36.8  36.8  36.8  36. 6  36,0  36.8  3b  8  36.8  36. 

36.8  36. 8  36.8  36. 8  36.8  36-8  36.8  36.8 

36.8  36.8  36.8  36.3  36.8  36.8  36.8 


MOTOR 

SAMPLE 


Magnitude  and  Phase  Plot  of  the  Uncompensated  Open-Loop  Transfer  Function  w 


B-4  Magnitude  and  Phase  Plot  of  the  Compensated  Open-Loop  Transfer  Function  (De 


i 


MOTOR 

SAMPLE 

DET 


Figure  B-6  Magnitude  and  Phase  Plot  of  the  Compensated  Open-Loop  Transfer  Function  (Design  No.  2,  I) 
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ANALOG  COMPUTER  MODELLING 


(1)  SCALING 


To  prevent  overloading  any  component  in  the  analog  computer, 
is  necessary.  The  angular  velocity  of  the  capstan  motor  is  related  to 
output  from  the  phase  detector  by  the  following  trtnsfer  function: 


Let 


oi(s) 

V.(s) 

Vs) 

V 


__1 _  r(1  +  X2s) _ +  1  i  S 

+  TjS  L(1  +  T  3s)  (1  +  I4S)  X5SJ  1  + 


T  S 

m 


(1  +  T  S) 


O'-5;  =  1  _ 

1(S)  1  +  TjS  L(1  +  1 3  S>  ( 1  +  I4S)  +  T 


L~] 


Expanding  by  partial-fraction-expansion  method  we  have 


V-> 

V^s) 

where  P  = 


Q  = 


V  (s) 
o 


- i - [p  +  - 2 — 

1  +  T,S  L  1  +  T. 


1  +  x4s  Tss 


T22/T3T4 


T  3  -  2T2  +  T2Z/T4 


Y  = 


T3  ~  \ 


1  T,  -  T.  J 

3  4 


T3  T4 


1  r  Q  ViCs)  Y  V.(s)  V  (s) 

'  rrrjs  V> +  tttt  -  — 1~  +  — ] 

’  tp  Vs) 

■  ftttW 


scaling 

the 


Each  term  is  normalized  so  that  the  input  and  output  have  a  maximum  value  of 
unity.  Take  for  example,  the  term  D 


For  this  particular  case,  due  to  normalization  the  external  torque  (Oz-In) 
is  related  to  the  input  voltage  by 
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T 

o 


V  V 

B  G  (— )  (~ ) 
ra  to  V 

m  om 


V 

=  380.53  [— -] 
om 


Where  B 


1  _  _1 Oz-ln 

R  "  5.85  ~RPM 

m 


G  =  9.106  rad/volt 

m 


V  /w  =  160/6.25 
om  m 


- (4) 


Another  approximate  approach  in  relating  the  voltage  applied  to  the 
xternal  disturbance  torque  on  the  motor  is  to  use  the  terminal  resistance  of 
the  motor  to  calculate  the  amount  of  current  applied  to  the  motor  and  then 
using  the  motor  torque  constant  to  calculate  the  corresponding  external 
torque . 


Using  eq.  (4)  above  and  referring  to  Figs.  9  and  10  on  pages  13  and 
14  respectively,  the  external  step  torque  responses  for  the  two  cases  are 
given  as  follows: 


(i)  For  T  =  1 

5 


AT  (external  step  torque  applied) 


V 

380.53  C^2-)  Oz-ln 
om 

380.53  x  0.019  Oz-ln 


=  7.23  Oz-ln. 


A  slots (maximum  no.  slipped  at  t  -  0.145  sec) 


.-.  AT/A  slots 


7.23  Oz-ln 
6.69  slots 


2.09V 

2.5V 

=  6.69 


■  x  8  slots 
slots 


1.08  Oz-Tn/slot 


Ite'Tiirt 
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(ii)  For  x5  =  10 

AT  =  380.53  x  0.02  Oz-In 

=  7.61  Oz-In 

2  2  Sv 

A  s lots  ( C  =  0.168  sec.)  =  — x  8  slots 

=  7.2  slots 

AT/A  slots  =  Oz-In/slot 

=  1.06  Oz-In/slot 

The  above  results  for  the  two  cases  are  tabulated  in  Table  II  on 

page  19. 


(3)  STEP-FUNCTION  RESPONSE 


The  step  function  response  for  design  #1  with  t5  =  1  is  plotted 
in  Fig.  13(a),  page  18.  The  percent  overshoot  (at  t  =  0.068  sec)  was  measured 
to  be  25%  and  is  tabulated  in  Table  I  on  page  15. 
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DIGITAL  COMPUTER  CALCULATIONS 


( 1 )  STEP-FUNCTION  RESPONSE  OF  THE  SYSTEM 


angle 


9(s) 

<Ms) 


is 


The  transfer 
given  by 


G(s) 

1  +  C(s) 


function  relating  the  input  to  the  output  motor  shaft 

K  (1  +  T,^)* _  1  Gm 

1  +  IS  L(1  +  T,s) (1  +  I,s)  Tcsj  s(l  +  ST  ) 

_ * _ _ _ *♦ _ 5 _  tn 

1  +  K  r  (1  +  T 2s)  ,  1  1  Gm 

1  +  TjS  L(1  +  T3S)(1  +  T4s)  T5SJ  S (1  +  STm) 


KCm[(l  +  t2s)2  Tss  +  (1  +  T3s)(l  +  T4s)] 

T572(l+STm)(l+T1s)(l+T3s)(l+T4S)  +  KCmL(l+T2s)2T5S+(l+T3S )(l'+T4S) J 


For  a  unit-step  function  response,  4>(s) 


1 

s 


the  output  0(s)  is  given  by 


KGm[(l+T2s)2T5s+(l+T3s)(l+T4s)]  1 

(s)  =  TcS  2 (1+ST  )  (1+T  s)  (1+T  s) (1+T  s)+KG  [ (1+T  s) 2T  S+ (1+T 3 s) (1+T " S ) ]  8 

3  ITl  1  3  4^25  J  h 

and  0(t)  =  L  ^ [ 0  (s )  ] 

The  unit-step  function  responses  for  the  two  different  compensation 
designs  are  shown  in  the  following  pages.  Table  D-l  gives  a  listing  of  the 
computer  program  written  in  Fortran  IV  language.  The  unit  step  responses  for 
the  two  different  designs  are  plotted  in  Figs.  D-l  through  D-4  and  tabulated 
in  Tables  D-2  through  D-5.  From  Tables  D-2  and  D-3  for  design  #1,  the  percent 
overshoots  for  the  two  cases  using  extrapolation  are  given  below  and  tabulated 
in  Table  I  on  page  15. 

(i)  For  t5  -  1 

%  overshoot  =  27.5  at  t  =  0.065  sec. 

P 

(ii)  For  ij  =  10 

%  overshoot  =  26  at  t  =  0.065  sec. 


I  Alii. 1 


1 


comit'h.k  program  of  thi:  ukit-stfi'- function  rksponsi. 


!.*•»> 

2.##» 

3. #*« 

4. ##* 

5  ■  #•« 

6  #e« 

7.  *•» 


!«.•>** 

S#-S»» 

11 .#•« 
12##« 

13.  (MC 

14. RO* 

15. 

1 6 .  #<0# 

17.  #« 

18.  MM 

19.  *3* 
2#.*## 

24 .#*# 
2S<*## 
26.*#* 
B7.—H 
aa.iMM 
2».### 
3#.#*# 

31 . #** 

32. ### 
33#** 
34.M« 

37 .  #8»# 
4#.##* 

41 . #»* 

42.  WMS 

43. *®» 

44  .  MM 

45.  fM# 

46.  -jM 
4? . 

48.0«« 

49.tW> 

S#.«A* 

SI  .#«• 

52.  wm 
53  •  eeo 

53.  r«Q 

54.  #e* 
55.0#* 

56.  M’S 

57. ##*  X 


3# 


1 
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1 

2 


11 

32 


SI 


COMPLEX  R,S.R1,ANUN,A,TRES 

DIMENSION  7.(1821,  V(  1*2  ) ,  XCOE  (  7  i ,  ROOTR  :  6  I  ,RC0TI  (  6  ) .  R  (  7  j ,  o  7) 
Z<1>«1#1.#  t  V(l)-l*l.* 

(4-6 

AH-.19  18 

Tl*  *46; 

T2* . 1429 

T3*.S#S> 

r«* , «i 

DO  58  J*l,2 

TS’(J-li*8.  *J 

TN-  5*9 

XCOE  (  1  !*  MUCK 

XCOE  ( 2  )  -  AXSGN*  IT34T4*T5) 

XC0Ei3>-T54A(CICN*(2  »T2iTS4T3*74  ) 
xcor  (  %  )  -75*1  Tl«T3*T44T14»MC*Cl"*t'2*T2  ) 

XC0P(5l*T3*T4*T5  +  TUT?t»T5*(T37T4  )*  r  T1  4T*  )»T5 
XC0F(6  j-Tl*TSaTBX(T34T4  )  ♦T3#T4XT5*'Tl*TP) 
XC0F(?)'Ti*T3*T4lTS»TN 

CALL  POLVROOT  (XCOE . COf ,N, ROOTR, ROOT! . IER ) 

DO  3*  1*1,6 

«( i4i  >*cnPLx(Roo*«c n.ROon  c  i  > > 

CONTINUE 

R ( l  )  “CNPLX (#.,©.  > 

DO  31  N-1,7 
R!*R<N> 

R!N)*R( 1  ) 

S*R1 

ANEW- AXXCK1*  I  ( 1 . 4T2IS  )»«2*T5*S*  (  1 .  *T3*S  )*<  1 .  *T4tS  )  ) 

A(N )-ANUM/( ( S-R ( 2  > J*iS-R(3 ) )*CS-R<4  :  ) 

S(S-R(S)  >*CS-R<6 ■  >*(S-R<7)  ) 1/XCOE (7  ) 

R(N )*R1 

CONTINUE 

DO  32  X-l.lfr, 

T-u-i  i/iee . 

TRES-A1 1  I*CEXP(R( 1  )*T  )  *A(2)*CEXP(R(2ifT)  *A< 3  >«CEXP ( R< 3  )tT  . 
*A( 4  >*C£XP(R(4  )*t  )  4A<5 )*CEXP:R(5 IS" >  4A(6  )*CEXPiR(6 ’f  I 

4A'7)*CEXP(B(7'»T) 

21X41  l.T 


V(K41  >-CABS(TRES  i 

WRITE (2 . 11  )  2 ( X  *  1 ), 

c  ORNAT ( 4E26. 4 ) 

CONTINUE 

CALL  IN  IT  T( 24# 1 

CALL  B1N1TT 

CALL  C*ECX<Z,Y> 

CALL  DSPLAV(Z.Y) 
CONTINUE 

CALL  PINITT(#,7»e ; 

STOP 

END 


Y ( X* 1  )  , TRES 


ill 


***  LStt 


>  ■;  DA, 
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TABLE  D-2 


TIME  (SEC) 

OOOOE  00 
■ IOOOE-OI 
•2000E-0I 

-  3000E-0I 
4000E-0I 

•5000E-0I 

•6000E-0I 

■  7000E-0I 

•  8000E-0I 
•9000E-0I 

• IOOOE  00 

-  I I00E  00 
• I200E  00 

•  I300E  00 
■ I400E  00 

•  I500E  00 
• I600E  00 
• I700E  00 

•  ISOOE  00 
• I900E  00 
• 2000E  00 
-2I00E  00 
■ 2200E  00 
• 2300E  00 
• 2400E  00 
-2500E  00 
-2600E  00 
•2700E  00 
■ 2800E  00 
• 2900E  00 
• 3000E  00 

-  31 OOE  00 
• 3200E  00 
• 3300E  00 
• 3400E  00 
• 3500E  00 
• 3600E  00 

•  37 OOE  00 
■ 3800E  00 
• 3900E  00 
•4000E  00 

■  4  I OOE  00 
■ 4200E  00 
• 4300E  00 

•  4400E  00 
• 4500E  00 
• 4600E  00 
• 4700E  00 
• 4800E  00 

•  4900E  00 
• 5000E  00 
•51 OOE  00 
• 5200E  00 
• 5300E  00 
• 5400E  00 
• 5500E  00 
• 5600E  00 
• 5700E  00 
■ 5800E  00 
• 5900E  00 
• 6000E  00 


UNIT  STEP  FUNCTION  RESPONSE  (DESIGN  #1,  Ts  =  I) 


MAGNITUDE  (AES)  REAL 


IMAGINARY 


4475E-07 
-I549E  00 
•50I4E  00 
8407E  00 
• I085E  01 

•  122  I E  01 

•  I270E  01 
• I263E  01 

•  I230E  01 

•  I  I  89E  01 

•  I  1 52  E  01 

•  I  I23E  01 

•  1 101  E  01 

■  I085E  01 
• I074E  01 

•  I065E  01 

•  I057E  01 
-I050E  01 
• I044E  01 
• I038E  01 

•  I032E  01 

•  I026E  01 

•  1021 E  01 

■  1 0 1 7  E  01 
•I0I3E  01 

•  I0I0E  01 

•  j  007 E  01 
-  1 004 E  Ot 

•  I002E  01 
■ IOOOE  01 

• 9985E  00 

•  997 1 E  00 

•  9959E  00 

•  9950E  00 

•  9942E  00 
•9936E  00 

•  993 1 E  00 

•  9927 E  00 
• 9925E  00 
•9923E  00 
• 9923E  00 
-9923E  00 
• 9923E  00 
•9924E  00 
• 9926E  00 

•  9928E  00 
-9930E  00 
-9933E  00 
-9935E  00 

•  9938E  00 

•  9941 E  00 

•  9944  E  00 
• 9947E  00 
• 9950E  00 

■  9953E  00 

•  9955E  00 

•  9958E  00 
•996 IE  00 
• 9964E  00 

9966E  00 
• 9969E  00 


OOOOE 

00 

• I549E 

00 

•50I4E 

00 

8407E 

00 

• I085E 

01 

•  1221  E 

01 

1 2  7 0  E 

01 

•  I263E 

01 

•  I230E 

01 

■  II89E 

01 

■  II52E 

01 

•  1 1  23E 

01 

■  IIOIE 

01 
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(2)  SYSTEM  RESPONSE  WHEN  SUBJECTED  TO  AN  EXTERNAL  DISTURBANCE  ON  THE  MOTOR 


Re-drawing  the  system  block  diagram  with  the  disturbance  as  the 
input  and  the  phase  error  as  the  output,  we  have 


y (s)  =  GM(s)  H(s)  K 
d ( s )  1  +  G(s) 


where  H(s)  =  1 


For  a  step  input  d(s) 


1. 

s 


y(s) 


GM(s)  K  .  1 
1  +  G(s)  '  s 


y(t)  =  L  1[y (s)  ] 


KGmT5s(l+T1s)(l+T3s)(l+T4s) 

T5S2 (l+STm) (1+TjS) (1+t3s) (1+t4s)  + 

1 

KGm[(l+T2s)zT5s  +  (1+TjS)(1+T4s)] 


A  listing  of  the  computer  program  is  given  in  Table  D-6.  Two  sets 
of  graphs  for  y(t)  are  plotted  in  Figs.  D-5  through  D-8  and  tabulated  in 
Tables  D-7  through  D-10  for  the  two  different  phase  compensation  networks 
with  different  integrator  gains.  The  input  step  applied  is  of  magnitude  — 
volts.  Using  eq.  (3)  given  in  Appendix  C,  the  equivalent  external  torque 
applied  to  the  capstan  motor  is  given  by 


AT  = 


BGmV 
m  o 


BG  ~r 
m  R 


60 


5.85  x  2tt 


x  9.106  x 


Oz-In 


0.22  Oz-In 


1 

69.18 


61 


The  actual  digital  phase  detector  has  a  higher  gain  than  the  one 
used  in  the  digital  computer  analysis  and  there  are  5000  slots  on  the  actual 
tachometer  used  in  the  analog  computer  simulation.  For  the  purpose  of  com¬ 
parison,  the  phase  error  from  the  digital  computer  analysis  must  be  converted 
to  the  number  of  slots  slipped  as  would  be  registered  by  the  digital  phase 
detector . 

(i)  For  design  #1,  T  =  1  (Table  D-7) ,  the  number  of  slots  slipped  at 

t  =  0.15  sec. 


0.0235  volts  x  -  V-1— ?-8-  x  di&4aljhas-e_ detector  gain 
z.o  volts  gain  used  in  analysis 


=  0.0235 


x  2.5  x 


248.68 

69.18 


slots 


=  0.27  slots 


.’.  AT/A  slots  = 


0.22  Oz-In 
0.27  slots 


=  0.82  Oz-In/slot 


(ii)  Similarly  for  design  #1,  t5  =  10  (Table  D-8) ,  the  number  of  slots 

slipped  at  t  =  .17  sec. 


=  0.025 


x 


8 

2.5 


3.6  slots 


=  0.288  slots 


.".  AT/A  slots 


0.22  Oz-In 
0.288  slots 


0.76  Oz-In/slot 


The  above  results  are  tabulated  in  Table  II  on  page  19  along  with 
the  results  from  the  analog  computer  simulation. 


TABI.l  l)-< 


COMl-i  l  l  K  I’ ROC  RAM  ()»  i  ill  KXTKKNAC  STM’  DISTl’KHANCK  KKSPONSI 


Sf«  c 

.CM  C 

.?M  C 

•»M  C 
1  .  Ml 

а.  cm 

3.  tee 

4  IM 

5  M« 

б. 999 

7.899 

8  IH 

9  HI 
I.IH 

1I-5M 
11  .M0 

12.  999 

13.  HI 

1 4 .  Mt 
1S.III 
18.899 

1 7 .  Ml 

18 .  Ml 

19.  IH 
28.  Mt 
23.889 

24.989 

25 . 999 

26  999 
2?.999 

28.999 

29.989 

38.999 

31 . 999 

32.999 

33.999 
34  999 
3’’  999 

49.999 
4 1  999 
4c  899 
4T  999 

44  e?e 

4t  9«9 

4f  999 
4  7  999 
4fi  899 
4’i  999 

58.999 

S*.  899 

52.999 

53  999 
53.589 

54  999 

55  898 

56  999 
C”  999  v 
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39 


1 


31 


1  1 
32 


59 


COMPLEX  R,S,Rl  ,anu*.a#tbes 

DIMENSION  2(102),  Vi  102), XCOF (7), ROOTR ( 6 ) ,  ROOT I(6>,R(7),A(7) 
Z ( 1  '-181 .9  i  v<  t >-191 .0 

n-6 

AX-6S. 18 

CN-S . 196 

Tl- .991 

T2 •  1 42S 

T3-  596 

T4- .01 

DO  59  J-1,2 

TS-(J-1>*8.  *J 

TW-.59S 

XCOF< 1 3-AKtCn 

XCOF  (  2  )-AX*Gnt(T3-»T44TS  > 

XCOF < 3  )-TS«-AK*GN* { 2 . *72*T54T3*T4 ) 

*C0F<4  )-T5t(Tl4T34T4^Tn4AICtGNtTa»T2  ; 

XCOF <5  ,.-T3tT4*T54TltTf1tT54(T34T4  )*<Tl4Tm*TS 
XCOF (6 )-71lTS*Tnt(T34T4)  ♦T31T4tTS*(Tl4Tn  ) 

XCOF ( 7  )-Tl*T3*T4t75tTn 

CALL  POLVROOT  ( XCOF , COF , n, ROOTR , ROCTI , IER  ) 

DO  39  1-1,6 

P(  1*1  )  -CP1PLX  f  ROOTR  (  I  J.ROOTK  I  )  ) 

continue 

Ri 1  )-CNPL*' 8. ,9.  ) 

DC  31  N-1,7 
PI  -B<N  > 

»  N )«R'  1  > 

5-R1 

ANUN-GN*T5*  1  .  4T18S  )t(  1  .  -1315  )*<1 . 414*5  )*$ 

A  t N  j-anu*/ i : S-R12 ) )*<S-R( 3 ) )* (5-R<  4  j  > 

*  f S-R<5  >  )*f  S-Pf 6  )  )i<$-R( 7 ) ) ) /XCOF <7 ) 

Pf N  ).R1 
CONTINUE 
DC  32  K-l , 101 
T-  x-1  j/20. 

'RES-A» 1  )*CEXPfR< 1 )*T )  2 ?tCExP(Rre )*T )  *A(  3 )*CExP(R(3 )*T) 

•*'4)*CEXP  R ( 4  )  t T  )  ♦  Af  5  i*CExP(Pf5  )IT  )  4A(6  )*C£XP( R(6 ’*T ) 
»Ai7)*CExr  »(?;*T) 

2’WM  ) -7 

'■CM  )-CA0S  TPES  1 
yRITE<2,ll  Z  I<M),  v  f  k  ♦  |  j  .'RES 
CORNA7<4E20  4  i 
CONTINUE 
CALL  INITT<?40) 

CALL  8IHITT 
CALL  CHECK  <  Z,  V ) 

CALL  DSPIPV i?,v i 
CONTINUE 

CALL  f INITT(0. 790 ) 

STOP 
ENC 
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THE  EFFECT  OF  OTHER  MOTORS  ON  THE  CAPSTAN  MOTOR  SERVO  SYSTEM 


With  the  servo  system  connected  as  shown  in  the  diagram  below,  the 
effect  of  other  motors  on  the  capstan  servo  will  be  analysed  as  follows: 


I 
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The  system  dynamic  equations  are: 


1 

H 

II 

Hi 

H£ 

+ 

JA 

(1) 

<F2  -  Vr2  -  T2  = 

f2W2 

+ 

J2W2 

(2) 

T 3  +  (P3  -  F2>r3  = 

f3W3 

+ 

J3*3 

(3) 

(F  -  F  )r  +  T  = 

'  4  3;  4  4 

f ,  W, 

4  4 

+ 

J4<\ 

(4) 

T  -  F  r  = 

5  41 5 

+ 

(5) 

The  link  equations  are  given  as: 


a:,  r ,  =  w„r„ 

11  2  2 


W3r3  =  W4r4 


W5r5 


(6) 


With  the  system  running  at  steady-state,  all  the  forces  acting  on 
the  system  are  balanced.  Now  a  disturbance  AT3  is  applied  to  the  capstan 
motor  and  the  effect  on  the  system  is  to  be  analysed.  Using  the  same  symbols 
as  above  for  the  variations  from  the  steady-state  condition  we  have  the 
following  set  of  equations: 


AF  r 

=  f  Aw . 

+ 

J,  Aw, 

1  1 

1  1 

1  1 

(AF2  -  AF1)r2 

=  f2Aw2 

+ 

J2Ad)2 

AT 3  +  (AF3  -  AF2)r3 

=  f3^3 

+ 

J3^3 

(AF4  -  AF 3 ) r 4 

=  f4Aw4 

+ 

J4Ad)4 

~AF4 A5 

=  f5AW5 

+ 

j5A(1.5 

Aw^i  =  Aw2r2  = 

Aw3r3  = 

Aw.  r, 

4  4 

5  5 


Solving  the  above  equations  for  Aw3 ,  we  have 

AT_ 

Aw„ 


SCi  +  c2 


where 


J3  + 


_  2  r  2  2 

— K-  +  J  —3—  +  j  r3 
:rT  2  r22  +  J4 


1 


r , 

T  +  ^ 

4  5 


f3  +  f 


j*  2  r  2 

iffr*  f2rp  +  f, 


L_  +  f 
2  5  r  2 

i  *■  5 


or 
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